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1. Introduction
Semiconductor crystals of Cd1-xZnxTe1-ySey  

solid solutions (CZTS) were obtained relative-
ly recently [1, 2] and are considered new and 

promising materials for X-ray and gamma-ray 
radiation detectors [3]. The study of structural 
[4], electronic [5, 6], electrical [7], detector [8] 
and other properties of CZTS crystals contin-
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Травлення розчином брому у метанолі напівпровідникових кристалів 
Cd1-xZnxTe1-ySey  з різною концентрацією селену. С.В. Найденов, Г.М. Бабенко, О.К. 
Капустник, І.М. Притула

Досліджено вплив концентрації селену у складі напівпровідникових кристалів  
Cd1-xZnxTe1-ySey на процеси травлення їх розчином брому у метанолі. Запропоновано 
термодинамічну модель для опису травлення кристалів Cd1-xZnxTe1-y та Cd1-xZnxTe1-ySey . 
Вперше отримано термодинамічний закон для опису зміни швидкості травлення кристалів 
Cd1-xZnxTe1-ySey з різною концентрацією селену. Побудовано експериментальні криві 
траєкторій травлення та швидкостей травлення 5% розчином брому у метанолі зразків 
кристалів Cd1-xZnxTe1-ySey з номінальним x ≈ 0.1 та концентрацією селену y=0 , y=0.02, 
y=0.06 та y=0.1. Обчислена середня швидкість травлення становить, відповідно, 24 мкм/хв, 
18 мкм/хв, 15 мкм/хв, 13 мкм/хв . Виявлено та пояснено пороговий ефект сильного зниження 
швидкості травлення при переході від потрійних кристалів Cd1-xZnxTe1-y до кватернарних 
кристалів Cd1-xZnxTe1-ySey, який пов’язаний із зміцненням кристалічної структури. 
Отримані експериментальні дані добре узгоджуються з теоретичними оцінками та будуть 
корисні для відбору оптимальних режимів обробки кристалів.
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ues. The quality of detector elements made of 
these crystals depends largely on the condi-
tions and methods of their processing. Cutting 
and polishing of AIIBVI semiconductor crystals 
almost always leads to the formation of a deep 
damaged layer near the surface with a thick-
ness from several tens of microns to hundreds 
of microns [9, 10]. Defects formed inside the 
damaged layer block the collection of charge 
carriers from the bulk of the material. They 
also cause surface leakage currents. There-
fore, without removing the damaged layer, 
the samples do not exhibit detector properties. 
Various methods have been used to remove the 
damaged layer of CZTS crystals. Many of these 
methods are similar to those used to treat the 
better-studied ternary crystals Cd1-xZnxTe1-y 
(CZT) crystals. Most often, the crystal is chemi-
cally etched (polished) with bromine solutions 
of different concentrations [11-13]. To date, 
there are practically no data on the chemical 
and mechanical polishing of CZTS crystals in 
the scientific literature. The choice of the op-
timal mode of crystal processing (etchant com-
position, etching temperature and time, other 
conditions) is one of the primary tasks in the 
fabrication of semiconductor detectors.

Theoretical and experimental studies in-
dicate a significant difference between CZTS 
and CZT materials. The addition of selenium 
changes the thermodynamic properties of the 
solid solution; starting from a certain thresh-
old, the excess Gibbs energy decreases. This af-
fects the stability of the crystal structure of the 
CZTS crystals: the number of extended defects, 
tellurium inclusions, clusters of dislocations, 
etc. is reduced. Theoretical analysis [14] shows 
that the crystal structure of CZTS crystals 
improves with increasing selenium concentra-
tion. This effect was confirmed qualitatively by 
comparing the crystal properties of CZTS. With 
increasing selenium concentration, there is an 
apparent decrease in the number of some char-
acteristic extended defects in these crystals. 
However, there has been no direct quantitative 
confirmation so far. 

In this work, chemical etching (polishing) 
of the surface of CZTS crystal samples with 
different selenium contents was studied: y = 0 
(without selenium), y = 0.02, y = 0.06 and 
y = 0.1 in the anionic sublattice. A 5% solution 
of bromine in methanol was used as a polish-
ing etchant. The change in surface morphology 
at different etching stages was investigated. 
Characteristic “etching trajectories” (time de-

pendence of etching depth) were constructed, 
and average etching rates were determined. 
The influence of temperature, stirring and 
other factors on the etching rate were consid-
ered. Even at a small selenium concentration 
of approximately y ~ 0.02, there was a sharp 
decrease of 20% in the etching rate of the CZTS 
quaternary crystals compared with that of the 
CZT ternary crystals. This effect was detected 
for the first time and provides direct evidence 
for the hardening of the CZTS crystal matrix. 
This phenomenon is also well explained within 
the framework of the proposed simple thermo-
dynamic model of crystal etching. In addition, 
the features of chemical etching of CZTS crys-
tals established here are important for choos-
ing the correct methodology for the fabrication 
of new semiconductor detectors.

2. Theoretical background
Cutting a semiconductor crystal leads to 

the formation of a damaged layer near the cut-
ting surface. Its thickness depends both on the 
material itself and on various external factors, 
such as the choice of cutting method and cut-
ting material, depth, cutting force and speed, 
etc. CdTe, CZT, and CZTS crystals, as well as 
other crystals of the AIIBVI group, are “soft-
brittle” materials [15]. They have relatively low 
hardness (~2–3 Mohs scale for scratching) and, 
at the same time, are rather brittle materials. 
Even a small external load applied to these crys-
tals can lead to plastic deformation and severe 
surface damage (scratches, acquired defects). 
Diamond cutting machines are most often used 
to cut these crystals. The diamond thread has a 
diameter of one hundred microns or more, and 
the thickness of the “diamond” coating itself is 
tens of microns. Therefore, this type of cutting 
produces an even, but often too wide, cut. The 
thickness of the damaged layer after such cut-
ting, taking into account the entire area adja-
cent to the cutting surface with plastic defor-
mation, is estimated to be approximately 100 
microns [9]. Mechanical grinding and finishing 
(mirror) polishing reduce the thickness of the 
damaged layer to 50 microns [10]. In the case of 
particularly thorough polishing, the thickness 
of the damaged layer can be several times less.

To remove the damaged layer of CZT and 
CZTS crystals by chemical polishing, solutions 
based on different active “polished” substances, 
such as bromine, iodine, and other strong oxi-
dizing agents, can be used [16-18]. One of the 
standard etchants is a bromine-methanol solu-
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tion of Br2 (bromine) in CH3OH (methanol). Let 
us consider the chemical reactions that occur 
during such etching. Assuming that methanol 
does not enter any reactions, we have the fol-
lowing general equation:

	
Cd Zn Te Se z Br

x CdBr xZnBr y Te

y z

x x y y1 1 2

2 2

1
1 1

2

- - + +( ) ®

® -( ) + + -( ) +

+ -(( ) +Se zSe Br2 2
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In this complex reaction, at room tempera-
ture, the released atomic tellurium does not 
react with bromine. For selenium, such a re-
action is possible with the formation of some 
amount of diselenium dibromide. The reaction 
to form selenium tetrabromide is unlikely be-
cause SeBr4 has more than twice the standard 
enthalpy of formation (-70 kJ/mol) compared 
to Se2Br2 (-31 kJ/mol). In this case, we assume 
that the activation energy for the formation of 
the complex SeBr4, containing four bromine 
atoms, is several times greater than the acti-
vation energy of the complex Se2Br2, in which 
there is only one bromine atom per selenium 
atom. As a result, the rate (probability) of the 
reaction  of selenium tetrabromide formation, 
according to the Arrhenius law, will be an or-
der of magnitude lower and will not strongly 
affect the course of the etching reaction within 
the characteristic etching times. Note that sele-
nium derivatives in the proposed reaction have 
virtually no effect on further analysis and re-
sults, since these reaction products will in any 
case be small due to the smallness of the initial 
concentration of selenium in the solid solution 
(the smallness of the parameter y<1).

Cadmium and zinc bromides have high solu-
bilities in water and organic solvents. There-
fore, they are well washed from the crystal 
surface during the etching process. In contrast, 
tellurium and selenium are poorly soluble and 
can accumulate on the surface and/or be ad-
sorbed from the solution during the etching 
process. This leads not only to non-stoichiom-
etry of the surface of the initial material but 
also to the formation of additional defects on 
it (inclusions, micro-formations, and pores). At 
long etching times (more than 3–5 min in 5% 
bromine-methanol solution), the surface clean-
liness and smoothness (roughness), as a rule, 
begin to deteriorate.

Let us compare the etching reactions of 
CZTS and CZT crystals (both with the same 
zinc concentration) from a thermodynamic 
point of view. To do this, we consider a formal 

closed-loop “etch comparison” system (thought 
experiment) in which two ideal samples, CZTS 
and CZT, are simultaneously etched in the 
same etchant under thermodynamic equilibri-
um conditions. This is acceptable if the etching 
is fast enough and all nonequilibrium fluxes 
disappear. The inverse of etching is the process 
of the adsorption of atoms on the surface. The 
ideality of the samples implies the absence of 
any disturbances on their surface. For exam-
ple, these could be crystals obtained by cleav-
age or natural single crystals. It is convenient 
to assume that the portion of the source mate-
rial that is removed and enters the liquid solu-
tion is an additional component of the system. 
For simplicity, we assume that both solid solu-
tions and etching solutions are ideal [19]. We 
will assume that the molar fraction of selenium 
in CZTS crystals is small. Thus, the mole frac-
tions of etched substances for CZTS and CZT 
do not differ significantly from each other. This 
allows us to neglect additional contributions 
in the Gibbs energies for the subsystems and 
write the condition of phase equilibrium (equal-
ity of average molar Gibbs energies in different 
phases) in the form of
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where µCZTS
0  and µCZT

0  are the chemical poten-
tials of “pure”, i.e., unetched crystals; R  is the 
gas constant; T  is the absolute temperature; 
wCZTS  and wCZT  are the mole or weight frac-
tions of the etched substance, i.e., the “solubil-
ity” of the starting material in the etchant. Let 
only a small fraction of the starting material 
pass into the liquid solution during etching, 
i.e., wCZTS <1 andwCZT <1. Then, instead of the 
ratio, we obtain

	 w w
RT

G
RTCZTS CZT

CZTS CZT ex- »
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, 	 (3)

where ∆Gex £ 0  is the negative excess Gibbs 
energy of formation of the CZTS solid solution 
with respect to the CZT solid solution calcu-
lated in [14]. The mole fraction of etched mat-
ter for the CZTS crystal should be smaller than 
that for the CZT crystal. Note that the formula  
does not impose any restrictions on the values 
of wCZTS  and wCZT . They can remain arbitrary 
but small enough to fulfill the approximations 
of the proposed model.

Let us assume that etching occurs uni-
formly over the entire surface of the samples.  
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, the mole fraction w*  and the thickness ∆L*  
of the layer of substance etched from the entire 
surface of the sample, under the condition of 
thermodynamic equilibrium in the system, are 
related by a linear expression

	 w L S
V

tot
* *=

æ

è
çççç

ö

ø
÷÷÷÷∆ , 	  (4)

where Stot  and V  are the total surface area 
and volume of the sample, respectively. The 
ratio V S Ltot = *  specifies the characteristic 
linear size of the sample. For example, if the 
sample has the shape of a cube with edge L
, then L L* = . Furthermore, we assume that 
the linear dimensions of the samples in the 
etching system introduced in this way coin-
cide, i.e., L LCZTS CZT= . If these dimensions do 
not coincide, the conditions of thermodynamic 
equilibrium in the general system are formally 
violated, and etching of one of the samples will 
occur faster than the other, and exactly until 
the specified dimensions match.

The expression was obtained in the ther-
modynamic limit for a closed system. Let the 
relaxation time, during which equilibrium is 
reached in the system, be equal to τ* . During 
this time, the thickness of the sample decreas-
es by a characteristic value ∆L* . Suppose that 
the etching conditions are such that this sub-
stance is completely transferred into the liquid 
etching solution, which is fed with an etchant 
so that its concentration does not change, i.e., 
we will move from a closed system to an open 
one. Then, during the next characteristic time 
interval, ∆t = τ* , the thickness of the sample 
again decreases by the value ∆L* . Over some 
finite time of actual etching, the thickness of 
the sample will change by n t= τ*  times. The 
total change in thickness during such a uni-
form etching over time is ∆ ∆L t n L( )= * . Thus, 
instead of equilibrium, we have a stationary 
etching process. Let us introduce the rate of 
real etching V t( )  via a natural definition

	 V t
L t
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When comparing real etching with the con-
sidered model system, we have
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The approximate equality in the formula 
takes into account possible deviations from the 
ideal course of etching. From the formula, the 
thermodynamic law of etching is as follows:

	 V V V
G

RTCZTS CZT
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where V L* * *= -τ 1  is the characteristic dimen-
sional constant of etching, which has the di-
mension of the (etching) rate and depends on 
the mutual properties of the etching system of 
two crystals. Strictly speaking, for unambigu-
ous determination of V*  and correct compari-
son of real etching rates of a pair of CZTS and 
CZT crystals, the etching conditions (type and 
concentration of etchant, etching temperature, 
nature of solution mixing, other parameters) 
should be the same. This corresponds to the 
stationarity condition in the proposed theo-
retical model. Note that the introduced value 
of V V x y* * ,= ( )  may depend on the composi-
tion x y,( )  of the crystals in the etching sys-
tem. This is due to the fact that establishing 
a steady state when etching crystals with sig-
nificantly different compositions may require 
more timeτ*  than for crystals with a similar 
composition.

In accordance with the obtained formula, the 
etching rate of CZTS crystals should always be 
less than the etching rate of CZT crystals (un-
der the same etching conditions). Thus, with 
increasing temperature, this difference should 
disappear. In addition, the change in the value 
of ∆Gex  with a change in the selenium concen-
tration in the CZTS crystal should correlate 
with the corresponding change in the CZTS 
etching rate compared with the CZT etching 
rate. This correlation takes place in the experi-
ment with etching in a bromine-methanol solu-
tion (Section 4).

Thus, there is a fundamental difference 
in the etching rates of CZTS and CZT mate-
rials, and at low concentrations, these rates 
are proportional to the excess Gibbs energy of 
formation of the quaternary CZTS solid solu-
tion instead of the ternary CZT solid solution. 
Weak effects of orientation dependence, when 
the etching rate on different crystallographic 
planes (faces) of the crystal may slightly differ, 
are not considered here. The presence of a dam-
aged layer, i.e., the nonideality of the crystal, 
also does not violate the above reasoning, since 
changes in all thermodynamic quantities on 
the surface are always small compared to their 
changes in the volume. New peculiarities arise 
only if the crystal surface is treated differently 
in different areas. For example, some areas are 
not processed at all or are only roughly pol-
ished, and others have finished polishing, etc. 
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With such heterogeneity of surface treatment, 
the conditions of “thermodynamic equilibrium” 
for the etching system will initially be violated. 
Therefore, etching rates and/or their character-
istic differences when comparing etching of dif-
ferent crystals may differ significantly in areas 
with different types of processing.

3. Preparation of Materials 
CZTS crystals were grown at the Institute 

for Single Crystals of the National Academy of 
Sciences of Ukraine via the vertical Bridgman 
method under high argon pressure [20]. All the 
crystals were obtained under close growth con-
ditions and were similar to each other in their 
crystalline (structural) perfection. The phase 
composition of the crystals was confirmed by 
powder X-ray diffraction and electron spec-
troscopy (on a low-vacuum scanning electron 
microscope with a low-temperature character-
istic X-ray detector). For etching, samples with 
typical dimensions of 8×8×5 mm3 were select-
ed, cut in parallel from the middle of ingots of  
Cd1-xZnxTe1-ySey crystals with the same zinc 
content of approximately x ≈ 0.1 and different 
selenium contents of y = 0, y = 0.02, y = 0.06, 
y = 0.1. The sample with y = 0 corresponds to 
the CZT crystal without the addition of sele-
nium. Before etching, all sides of the samples 
were successively ground with boron carbide 
powder with fraction sizes of 9 and 3 microns. 
The damaged layer on such faces reaches up to 
one hundred microns. In addition, one of the 
pairs of opposite “working” faces was subjected 
to finish polishing with diamond powder. The 
resulting average roughness of the base surface 
is Ra = 5–12 nm. However, deep scratches with 
depths of several microns may still be present 
on the facets. The thickness of the damaged 
layer on the “working” edges is several tens 
of microns. When manufacturing detector ele-
ments, electrical (most often ohmic) contacts 
are applied to the finished (mirror polished) 
faces.

To eliminate the damaged layer remain-
ing after mechanical polishing of CZT and 
CZTS crystals, chemical polishing with bro-
mine-containing solutions is most often used, 
particularly chemical polishing in solutions of 
molecular bromine Br2 in methanol. In this 
work, 5% bromine-methanol solution was cho-
sen as the polishing etchant. This solution is 
convenient for processing and investigating 
the properties of CZTS crystals. An etchant 
with a lower bromine concentration is not con-

venient for a sufficiently accurate determina-
tion of the etching trajectory (time dynamics). 
With decreasing bromine content, the etching 
rate decreases significantly, which, at moder-
ate temperatures ranging from +18°C to +25°C, 
is usually directly proportional to the bromine 
concentration in the solution. As a result, the 
change in the thickness of the material over a 
characteristic time of approximately 30 s, i.e., 
the minimum etching depth, becomes too small 
(only a few microns); therefore, the errors in its 
determination (using a micrometer) increase 
dramatically. In contrast, at very high bromine 
concentrations, the etching rate of the crystal 
is too high. In this case, the quality of chemical 
polishing deteriorates due to rapid degradation 
and strong surface etching, especially at long 
processing times.

Our experiments revealed that the dy-
namics and results of CZTS etching strongly 
depend on the quality and freshness of the 
bromine-methanol solution used. After sev-
eral hours of overexposure to the etching solu-
tion, the observed crystal etching parameters 
changed significantly. Therefore, only freshly 
prepared bromine-methanol solutions obtained 
from chemically pure components were used for 
sample processing. In addition, between etch-
ing steps, the samples were washed with meth-
anol and/or deionized water to remove residual 
solution and any background substances. This 
is necessary to maintain cleanliness and the 
same (external) etching conditions throughout 
all the etching steps, since any contaminants 
from the etching solution or the crystal surface 
can inhibit the etching processes. The use of 
distilled water for washing does not guarantee 
the complete purity of the prepared surface; af-
ter etching, many centers with broken chemi-
cal bonds (mainly tellurium) remain, to which 
various contaminant ions from the external en-
vironment can actively adsorb.

4. Experimental 
A series of experiments on chemical polish-

ing (etching in 5% bromine-methanol solution) 
of crystalline samples of Cd1-xZnxTe1-ySey y with 
the same zinc concentration x ≈ 0.10-0.11 and 
significantly different selenium concentrations 
y were carried out (see Figs. 1-3). The compo-
sitions and dimensions of the samples stud-
ied were as follows: CZTS-10-5-1 (x = 0.105, 
y = 0), 5.3×7.8×8.3 mm3; CZTS-9-4-1 (x = 0.114, 
y = 0.022), 5.5×7.6×8.1 mm3; CZTS-11-3-2 
(x = 0.109, y = 0.06), 6.5×7.1×7.3 mm3; CZTS-
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12-4-2 (x = 0.104, y = 0.1), 6.4×7.1×7.5 mm3. 
These samples are hereafter designated as 
CZT, CZTS2, CZTS6, and CZTS10 in accor-
dance with the average (nominal) selenium 
content in the crystalline ingots from which 
they were made. All samples were polished 
after cutting. The pair of opposite faces with 
the smallest distance between them (the first 
digit in the sample dimensions) were polished 
to a mirror finish. Before etching, the sample 
surfaces were cleaned in an ultrasonic bath 
to remove traces of inorganic and organic con-
taminants, as well as residual polishing com-
pounds remaining after crystal processing. 
 Fig. 1 shows photos of typical polished surfaces 
of samples before etching.

Etching of each sample was carried out 
with freshly prepared 5% bromine-methanol 
solutions separately in fluoroplastic containers 
according to the same scheme for all samples. 
The etching consisted of several stages lasting 
from 30 s to 2.5 min. The chosen etching for-
mula (main stages) was as follows: 30 s + 30 s 
+ 30 s + 30 s + 30 s + 30 s + 30 s + 2.5 min +  
2.5 min + 2.5 min + 2.5 min. The total duration 
of the etching was up to 8 min. Between the in-
dividual stages, the samples were washed, and 
all their dimensions were measured. Care was 
taken to minimize exposure of the samples to 
air and prevent their interaction with the sur-
rounding atmosphere. Before etching, the pre-
pared solution was kept for some time to sta-
bilize the chemical processes and ensure that 
its temperature matched the thermostat tem-
perature. The etching temperature was kept 
as constant as possible and equal to +19°C, 
with possible deviations not exceeding ±0.5°C.  
Fig. 2 shows photos of the polished surfaces of 
the samples after etching.

The traditional method of completely im-
mersing the sample in the etching solution was 
used as the etching method. In this case, all 
three pairs of parallel opposite sides of a sample 
of initially regular rectangular shape (parallel-
epiped) are subjected to etching equally. This 
method has proven itself well in practice and 
is most often used in the technical processing 
of detector elements, which are made of CZT 
or CZTS semiconductor crystals. During the 
etching process, the sample was positioned at 
an angle to the vertical (on edge) and periodi-
cally rotated to ensure a more uniform supply 
of etchant to all side faces. The sample never 
came into contact with its entire “lower” surface 
with the bottom of the fluoroplastic container. 

Thus, the possible difference in the nature of 
etching of the conditionally “upper” and “lower” 
faces was eliminated. Stirring of the solution 
during the etching process was not used, since 
it was found that it significantly changes the 
etching rate. The uniformity of etching and the 
reproducibility of the etching results were con-
trolled by repeating series of measurements on 
different samples made from the same crystal. 
In the absence of mixing, the experiments yield 
identical results within the accuracy of the 
sample thickness measurements. In the future, 
it is planned to conduct experiments on chemi-
cal-mechanical etching of new crystal samples 
under reproducible hydrodynamic conditions 
(with a controlled stirring rate of the etching 
solution).

The depth of etching was determined by the 
change in the geometric dimensions of the sam-
ples. Care was taken to maintain the parallel-
ism of the opposite faces of the original samples 
after polishing. During the measurements, it 
was assumed that the etching of the pair of op-
posite sides occurs equally, so that the etching 
depth is equal to

	 ∆L k
L k L k

i
i i( )=

+( )- ( )1
2

, 	  (8)

where k  is the number of etching stages (here
k = 0  corresponds to the beginning of etching); 
L ki ( )  is the transverse thickness of the sam-
ple between a pair of opposite sides, which are 
numbered by the index i =1 2 3, , ; ∆L ki ( )  is the 
depth of etching for the selected pair of sides. 

Deviations from parallelism of the original 
sample edges and spatial inhomogeneity of 
etching lead to thickness variations. To statis-
tically minimize these errors, measurements 
were taken several times at the same fixed lo-
cation of the selected face or averaged by mea-
suring the transverse thickness at several dif-
ferent locations (at the corners and in the cen-
ter of the face). A precision micrometer TESA® 
MICROMASTER with a division value of 1 μm 
was used to measure the dimensions. The error 
of the obtained experimental data corresponds 
to its maximum error, which, according to the 
passport, is equal to ± 4 μm. When the etch-
ing time and/or rate are too small, the mea-
surement results may be unreliable. There-
fore, we selected an etching mode in which the 
etching depth at any stage always exceeded  
5–7 microns.

Using the measured data, we can plot the 
etching trajectory T k L L ki i i( )= ( )+ + ( )∆ ∆1   
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and determine the average etching rate at each 
stage using the formula V k L k ti i k( )= ( )∆ ∆ , 
where ∆tk  denotes the duration of the k  stage. 
This determination of the etching rate is rather 
formal; in reality, it depends in a complex way 
on the microscopic state of the crystal surface, 
which changes significantly during prolonged 
etching, despite the maintenance of the same 
external conditions. The etching of the surface 
of a real crystal and the change in the true 
(thermodynamically equilibrium) etching rate 
may depend on the internal crystal structure, 
the presence and distribution of extended de-
fects that reach the surface during the etching 
process, etc. However, in general, the etching 
dynamics are fairly well described by the pair 
of experimental valuesT ki ( )  and V ki ( ) . In our 
opinion, this is due to the effect of self-averag-
ing of microscopic variations in the etching rate 
on different inhomogeneities of the crystal for 

characteristic times exceeding several tens of 
seconds. This general conclusion is well con-
firmed by etching experiments using different 
etching formulas for “similar” samples made 
from the same crystal parts. Fig. 3 shows typi-
cal photos of the surface areas of the samples 
at the end of etching, obtained using an optical 
microscope.

The concept of the “etching trajectory” that 
we introduced has a simple physical meaning: 
it is the dependence of the total etching thick-
ness on the total etching time at all successive 
stages. In the mathematical sense, the etching 
trajectory is an integral characteristic that is 
obtained by formal integration of the instanta-
neous etching rate. It is important to note that 
with such integration, measurement errors are 
actually reduced, i.e. measurement variations 
are smoothed out. In contrast, the etching rate 
is a differential characteristic of the process; 

Fig. 1. Images of the polished faces of the crystal samples (from left to right) CZT (a), CZTS2 (b), CZTS6 
(c), and CZTS10 (d) before etching.

Fig. 2. Images of the polished faces of the crystal samples (from left to right) CZT (a), CZTS2 (b), CZTS6 
(c), and CZTS10 (d) after etching.

Fig. 3. Microscopy images (x100) of the polished faces of the crystal samples (from left to right) CZT (a), 
CZTS2 (b), CZTS6 (c), and CZTS10 (d) after 8 min of etching.
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mathematically, it is a derivative quantity. And, 
like any derivative, it can change significantly 
over time; and the shorter the measurement in-
terval, the more so. Its variations depend much 
more on various factors, which is observed in 
the experiments. During measurements, this 
value can accumulate errors and the accuracy 
of its determination with a strong decrease in 
the etching time becomes too low. In contrast, 
the average etching rate will be a well-defined 
characteristic of the process. Taking these fea-
tures into account, we choose the etching tra-
jectory and the average etching rate (at certain 
etching stages or along the entire etching tra-
jectory) to control the etching processes.

5. Results and discussion
Fig. 4 shows the etching trajectories of the 

CZT, CZTS2, CZTS6, and CZTS10 samples 
with a total etching time of 8 min. The dots cor-
respond to the experimental values. With in-
creasing selenium concentration in the samples, 
the angular slope of the plotted curves, i.e., the 
etching rate of the crystals, decreases. The gen-
eral dependence of the etching trajectory at the 
initial stages is close to linear, but in general, 
the course of etching differs. This may be due to 
the different degrees of initial mechanical pol-
ishing of the surface (it may be rougher, and its 
initial etching is usually faster), as well as to 
the agitation during etching of some samples. 
In the absence of agitation, etching may slow 
down if the etch products inhibit the reaction. 
This can be clearly seen in the etching of the 
control sample CZT, which was etched without 
stirring. Separate experiments involving the 
etching of samples with similar compositions 
and similar degrees of mechanical polishing 
revealed that stirring can increase the etching 
rate by 1.5-2 times. For this reason, for exam-
ple, the initial etching step of CZTS2 occurs at 
a slightly increased etching rate. In addition, 
as the damaged surface layer (approximately 
30–50 μm thick) is gradually removed, the etch-
ing rate gradually decreases with etching time. 
The reason for this is that the bulk crystalline 
structure of the sample, which is significantly 
stronger than the damaged surface layer, be-
gins to be etched. 

Etching of the surface of CZTS crystals with 
5% bromo-methanol solution usually occurs un-
evenly. Areas of the surface with initial growth 
defects or traces of mechanical processing un-
dergo deeper etching. The polishing effect is 
observed at etching times exceeding 30 seconds 

(see Fig. 2). At short etching times, the effect 
of chemical polishing is more pronounced, and 
the surface roughness is significantly reduced. 
However, with longer etching times (more than 
3–5 minutes in total), the roughness, on the 
contrary, can increase. This behavior resem-
bles the features of CZT crystal etching [11, 
21] and is the subject of a separate study. At 
very prolonged etching (more than 5 min), the 
corners of samples or places with large damage 
(chips, cracks, nicks, crystal grain boundaries, 
etc.) are strongly stratified. Near such macro-
inhomogeneities, strong gradients of etchant 
concentration arise, and etching occurs sig-
nificantly faster. To improve the uniformity of 
etching, the solution should be stirred or the 
samples can be rotated (shaken), which leads 
to the same results. However, as already men-
tioned, stirring leads to a strong increase in the 
etching rate, which is not desirable. The pecu-
liarities noted here should be considered in the 
practical processing of CZTS crystals and the 
fabrication of detector elements from them.

From the obtained etch trajectories, the etch-
ing rates at different stages were calculated. 
These data are presented in Table 1. At short 
stages, the etching rate has significant varia-
tions, especially at the initial stages of etch-
ing. This is due to measurement errors in the 
thickness of the removed layer, as well as to the 
unevenness of the etching of surfaces with dif-
ferent degrees of roughness. When the average 
etching rate is determined for sufficiently long 
times (several minutes or more), these varia-
tions are reduced. The average etching rates for 
the full etch paths of the CZT, CZTS2, CZTS6, 
and CZTS10 samples were 24 μm/min, 18 μm/
min, 15 μm/min, and 13 μm/min, respectively. 
With increasing selenium content in the CZTS 
crystals, this rate decreased significantly. This 
conclusion is also confirmed qualitatively by an-
alyzing the surface morphology after prolonged 
etching. A comparison of the microscope images 
shown in Fig. 3 reveals that the CZT surface is 
etched near natural defects more strongly than 
the other cases are. Moreover, with increasing 
selenium concentration, visible etching traces 
near growth defects in CZTS crystals became 
increasingly blurred.

The observed decrease in the etching rate 
of the CZTS crystals with increasing selenium 
concentration is related to the hardening of the 
crystal lattice when selenium is introduced into 
the solid solution matrix. In fact, the decrease 
in the rate of nonselective (polishing) etching is 
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direct evidence of the hardening of the crystal 
structure of this material.

Let us compare the etching results with the 
theoretical law. At low selenium concentra-
tions, the thermodynamic rate of V*  should 
not differ much from the etching rate of the 
CZT crystal (without selenium). However, both 
pairs of opposite faces of the sample are subject 
to etching. Therefore, the total depth of etching 
∆L* , the mole fractionw*  of etching and the V*  
rate itself should double, i.e., V VCZT* » 2 . With 
this in mind, we obtain the relation

	 δV V V
V

G
RT

CZTS

CZT

exº - »1
2 ∆

	  (9)

for the relative change in the etching rate as a 
function of the (small) selenium concentration 
in the CZTS crystal. Calculation of the excess 
Gibbs energy ∆Gex  for a selenium concen-
tration of y = 0.02 gives a value of 260 J/mol 
[14]. Substituting this value into the formula, 
we obtain an estimate δV V

theory( )  22%  for 
room temperature. A comparison with the ex-
perimental values of δV V( )exp

% 24  shows 
good agreement between the theoretical and 
experimental results. Note the strong (thresh-
old) effect of changing the etching rate. This is 
enough to increase the selenium content in the 
CZTS crystal by only a few atomic percentages 
and leads to a change in the etching rate of sev-
eral tens of percent, i.e., an order of magnitude 
greater.

With increasing selenium concentration in 
the CZTS samples, their etching rate decreas-
es but is not as fast as that at low selenium 
concentrations. There is a gradual equaliza-
tion of etching rates. This can be clearly seen 
by comparing the etching trajectories in Fig. 4. 
A strong difference in the etch trajectories of 
CZT (y = 0) and CZTS2 crystals with low sele-

nium content y = 0.02 is observed. The etching 
trajectory discrepancy is significantly reduced 
for CZTS2 and CZTS6 crystals with higher se-
lenium content, although the difference in sele-
nium content is twice as large as in the previ-
ous case. Finally, for the CZTS6 and CZTS10 
crystals (the difference in the selenium content 
is also Δy = 0.04), the etch trajectories become 
even closer to each other. This pattern reflects 
the threshold character of the hardening of 
the crystal lattice when selenium is added to 
it. The effect of hardening begins at a certain 
critical concentration of selenium (in [14], it is 
estimated by the value y ≈ 0.18 at a fixed zinc 
concentration of x = 0.1). The degree of harden-
ing increases with increasing selenium concen-
tration y  since the excess Gibbs energy, which 
has negative values, monotonically increases 
in absolute value ∆G yex ( )  in the framework 
of the weakly dilute solid solution model. How-
ever, the steady-state etching rate V y* ( )  due to 
the hardening decreases even faster (by a factor 
of approximately ten) with increasing selenium 
concentration. As a result of this compensation, 
a “convergence” of etching rates of CZTS crys-
tals of different compositions is observed when 
δ δV y V y1 2( ) » ( )  at high selenium concentra-
tions y y1 2¹ . At very high selenium concentra-
tions in CZTS crystals of different compositions, 
one should not expect a significant difference in 
the rates of etching by bromine-methanol solu-
tions.

Interestingly, zinc and selenium play differ-
ent roles in modifying the properties of CZTS 
crystals. An increase in the zinc concentration 
leads to an increase in the etching rate. This 
phenomenon has been reported for CZT crys-
tals when etched with solutions of strong acids 

Fig. 4. Etching trajectories of samples CZT, 
CZTS2, CZTS6, and CZTS10.

Table 1. Etching rate (μm/min) at differ-
ent stages for the CZT, CZTS2, CZTS6, and 
CZTS10 samples and the average speed of to-
tal etching (the last row of the Table).

Etching 
stage VCZT VCZTS2 VCZTS6 VCZTS10

0.0-0.5 min 26 20 17 17
0.5-1.0 min 30 25 16 15
1.0-1.5 min 28 21 15 13
1.5-2.0 min 24 16 14 13
2.0-2.5 min 31 23 16 11
2.5-3.0 min 26 19 18 16
3.0-5.5 min 15 12 11 10
5.5-8.0 min 14 11 10 9
0.0-8.0 min 

(total) 24 18 15 13
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[18, 22]. We have not performed etching experi-
ments on CZTS crystals with the same selenium 
concentration but different zinc concentrations. 
However, we expect similar behavior for them 
as well. In other words, zinc addition leads to a 
weakening of the strength of the cationic sub-
lattice and the crystal structure as a whole and, 
as a consequence, to an increase in the forma-
tion of various growth defects in such crystals. 
In contrast, the addition of selenium leads to 
a strengthening of the CZTS crystal structure, 
which is characterized by a sharp decrease in 
the etching rate and a reduction in the number 
of expected defects.

6. Conclusions
The addition of selenium to CZTS quaternary 

crystals significantly changes their crystalline 
properties and leads to hardening of the crystal 
structure. This effect has thermodynamic and 
chemical causes. When a solid solution contain-
ing selenium additive is formed, a decrease in 
excess Gibbs energy is observed. The covalent 
bonds in the cationic and anionic sublattices 
are also strengthened. The macroscopic mani-
festation and evidence of the crystal structure 
strengthening effect is a sharp decrease in the 
rate of chemical etching of the CZTS crystals 
by bromine-methanol polishing solution com-
pared to CZT crystals. The nature and result of 
such etching of CZTS depend on the roughness 
of the initial surface, the presence and depth of 
the damaged layer after treatment of the crys-
tal, the etching temperature and the mixing of 
the etching solution. The change in the etching 
rate of the CZTS samples with a small change 
in the selenium concentration is well described 
by the proposed linear thermodynamic law (the 
decrease in the etching rate is proportional to 
the increase in the absolute value of the excess 
Gibbs energy). At higher selenium concentra-
tions, the difference between the etching rates 
of CZTS crystals of different compositions 
gradually leveled out. The theoretical and ex-
perimental results obtained in this work can 
be used to select the optimal modes of process-
ing and chemical polishing of detector elements 
made of CZTS crystals.
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